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Abstract 
Major physico-chemical p rameters offour saline lakes (Lake Colac, Modewarre, Bolac and 
Tooliorook), in the volcanic plains of western Victoria (Australia), recorded bi-monthly be- 
tween November 1999-September 2001 are described. Lakes are permanent, large (surface 
area range 3.5-29.6 km 2) and shallow (mean depth range 1.5-3.9 m). Physico-chemical p - 
rameters revealed that lakes were homogenous with few differences between sites within 
lakes. Of the four lakes, Lake Modewarre had the highest salinity of 8 ppt with weak season- 
al fluctuations in salinity in all the lakes. All the lakes were turbid (turbidity range 30-659 
NTU), with low light penetration (suspended solids range 23-465 mg 1-1) and low Secchi 
depth (Secchi depth range 7.7-89 cm). pH of the lakes varied between 8.2-9.3 with low sea- 
sonal variations, indicating well buffered waters. Based on nutrient status, lakes were classi- 
fied as eutrophic to highly eutrophic with higher nutrient concentrations. Nitrogen was limit- 
ing in one lake (Lake Colac) and phosphorus in the other three lakes. Meteorological events 
probably influence the physico-chemical p rameters ofthese lakes strongly. 
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Introduction 
WILLIAMS (1981 ) reviewed the limnology of saline lakes 
in western Victoria, Australia. Following WILHAMS 
(1981), saline lakes are regarded as those with a concen- 
tration of total dissolved solids (TDS) greater than 3 ppt. 
The seasonal pattern in TDS in saline lakes of western 
Victoria is the one in which the concentration is higher 
during summer when there is maximum evaporation a d 
minimum rainfall, and lowest during the winter. The 
saline lakes of the region are also known to have a high 
level of total hardness (WILLIAMS 1981), with pH values 
mostly >8 and sometimes >9 (WILLIAMS 1981; DE 
DEC~KER & WILLIAMS 1988). Several saline shallow 
lakes in the region are polymictic (WILLIAMS 1981), thus 
non-stratification is a common feature in these lakes 
with no evidence of persistent thermal stratification 
(HAMMER 1981 ;WILLIAMS 1981). The concentration f 
suspended solids in Australian inland waters is often de- 
scribed as being naturally high (DAVIES & WALMSLEY 
1985). This is particularly true for shallow, exposed 
saline lakes in western Victoria, in which wind generat- 
ed turbulence r suspends bottom sediments (WILLIAMS 
1981). Secchi depths are very low and may be <5 cm at 
any time (WInE,MS 1981). 
The concentration f phosphorus and nitrogen in the 
saline lakes of western Victorian is high (WILLIAMS 
1981; DE DECKKER & WILLIAMS 1988). On the basis of 
nitrate-nitrogen concentrations, the lakes of the region 
are considered oligotrophic, whereas on the basis of total 
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phosphorus concentration allwould be considered eu- 
trophic. It is the nitrogen rather than phosphorus that is 
considered the limiting plant nutrient (DE DECKKER & 
WILLIAMS 1988). 
Monitoring water quality of lakes has become ahigh 
priority for the determination f current conditions and 
long-term trends for effective management. Although 
detailed limnological work in the past has been conduct- 
ed on the saline lakes of western Victoria (BAYLY & 
WILLIAMS 1966; MADDOCKS 1967; EPA 1976; HAMMER 
1981; DE DECKKER & WILLIAMS 1988; WILLIAMS 1992), 
there has been no recent limnological work on these 
lakes. There is a lack of data on the lakes considered in
the present study (Lake Colac, Modewarre, Bolac and 
Tooliorook) with only one reference to the study lakes in 
MADDOCKS (1967), and to Lake Colac is referred in 
SMITH (1972) and EPA (1976). The aim of this paper is 
to document the major physico-chemical p rameters of
the four permanent, shallow and slightly saline lakes in 
western Victoria and to determine seasonal changes if
any in these parameters. This paper will also draw com- 
parisons between the present study lakes and those of 
other saline lakes in the region. 
Materials and Methods 
Study lakes and sampling regime 
The four study lakes were Lake Colac, Modewarre, 
Bolac and Tooliorook, located on the volcanic plains of 
south-west Victoria. The lakes lie 150 km west-south- 
west of Melbourne at approximately 140°30'E, 
39 ° 30'S in the western district of Victoria. The lakes lay 
within the area bound by the towns Geelong in the east, 
Skipton in the north, Colac in the south and Lake Bolac 
in the west (Fig. 1). Geomorphologically, western Vic- 
toria is a broad basalt plain of Pleistocene toRecent age. 
There are numerous points of eruption on the volcanic 
plain and these are associated with extensive flows of 
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olivine basalt, which form a carapace over much of the 
area. In the vicinity of the study lakes the plain was be- 
tween 120 and 160 m above sea level, with volcanic 
hills, rising between 60 and 90 m above the surrounding 
plain. 
The drainage density is low, with open and closed 
drainage patterns. The central region is a basin of inter- 
nal drainage (e.g. Lake Colac, Modewarre and Too- 
liorook). These maintain their levels primarily through 
the balance between winter and spring rainfall and sum- 
mer evaporation, although ground water may also influ- 
ence the lake levels (MADDOeKS 1967). These lakes are 
generally saline due to the gradual accumulation f salts 
from their inflow waters and often exhibit large fluctua- 
tions in water level and salinity. The western region and 
the extreme astern region have open drainage (e.g. 
Lake Bolac) that is, the rivers flow from the plains to the 
sea. Throughout the area, and particularly inthe basin of 
internal drainage, lakes are common. 
The climate of the region is temperate with warm dry 
summers and cool wet winters. Annual total evaporation 
exceeds 1000 mm over most of the drier parts of the re- 
gion, with maximal evaporation i January and minimal 
in June and July. Evaporation usually exceeds precipita- 
tion (WILLIAMS 1981). 
The lakes are permanent, large (surface area range 
3.5-29.6 km 2) and shallow (mean depth range 1.5 to 
3.9 m). The substrate of the lakes consisted of mud and 
sand but bedrock formed a part of the substrate in Lake 
Bolac and Tooliorook (Table 1). Land in the vicinity of 
the lakes has been largely cleared for pasture and broad 
acre cropping. Aquatic vegetation i the lakes consisted 
of only few species. Of these Myriophyllum sp. was 
common and abundant in Lake Modewarre and Too- 
liorook but not present in Lake Colac and Bolac. In Lake 
Colac and Bolac reed beds of Phragmites australis were 
abundant. The other less abundant and seasonal species 
of aquatic vegetation were Ruppia sp., Lepileana sp. and 
Chara sp. 
Table 1. Morphometric haracteristics and substrate type of the four study lakes in western Victoria, Australia. 
Lake Colac Lake Modewarre Lake Bolac Lake Tooliorook 
Length of shoreline (km) 24.14 9.12 17.22 8.53 
Max. length (km) 7.87 3.43 5.75 3.22 
Max. width (kin) 6.12 2.54 4.05 2.12 
Mean width (km) 3.76 1.56 2.42 1.08 
Surface area (kin 2) 29.59 5.35 13.89 3.47 
Mean depth (m) (1999-2001) 1.93 3.91 1.55 1.51 
Max. depth (m) 2.3 4.42 2.37 2.14 
Mean lake volume (kin ~) 0.057 0.020 0.021 0.005 
Max. lake volume (km 3) 0.068 0.023 0.032 0.007 
Substrate Mud and sand Mud and sand Mud, sand and rock Mud, sand and rock 
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Four sampling sites were chosen across each lake to 
ascertain variations in the water composition from one 
side to the far side of the lake. Each of the sites was in 
water with a depth of >1 m and approximately 300 m 
from the shore. Sites were reached by a small motorboat 
and sometimes by walking across the water. Sampling 
sites were chosen based on access and equal spacing 
around lake perimeter. Site positions were fixed by align- 
ing visible landmarks. Since the lakes were shallow, strat- 
ification was assumed to be minimal (WILLIAMS 1981), 
no attempt was made to collect water samples at different 
depths. Lakes were sampled every two months from 
November 1999 to September 2001. Most of the inflow- 
ing creeks were dry throughout the sampling period and 
water level in the lakes was too low to spill into creeks. 
Hence, creeks were not sampled uring this study. 
Victoria 
~Ballarat 
Lake Bolae (~ ®Skipton 
Lake Tooliorook 
® Lismore ~ 
Geelong ~ • 
Lake Colac Lake Modewa-~e d / 
 co,.c 
Southern Ocean ~ ~ , kil°metres ~-~ ~ 0 30 6,0 Fig.1. Location of the 
study lakes. 
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Field methods 
Water temperature, pH, salinity and dissolved oxygen 
were measured in situ with a TPS meter (TPS MC-81 
Brisbane, Australia) at each site in all lakes. The pH 
meter was checked at the beginning of each day's sam- 
pling against known pH buffer standards (pH 4.0 and 
6.88). Salinity probe was checked against known stan- 
dard of 2 ppt. These parameters were measured at a fix 
depth of 0.5 m. Water transparency was determined with 
a Secchi disc. 
Samples taken for laboratory analysis were collected 
using an integrated water sampler, which collected water 
samples from surface to a depth of 1 m. Samples were 
transferred into 1 litre polyethylene bottles that had been 
cleaned with 10% HC1 and rinsed with de-ionised water. 
All samples were placed on ice in a cooler for transport 
to the laboratory and analysed within 24 hrs of collec- 
tion. 
Laboratory methods 
Total suspended solids were determined in accordance 
with the method outlined by APHA (1989). A known 
quantity (25 ml) of a well-mixed sample was filtered 
through apre-weighed Whatman GF/C filter with a pore 
size of ~ 0.45 ~tm. The filters were then dried at 105 °C, 
cooled in a desiccator and weighed. The cycle of drying, 
cooling, desiccating, and weighing was repeated to en- 
sure constant weight was obtained. 
Turbidity was measured using a laboratory turbidime- 
ter (ttach Model 2100A) and was expressed in NTU 
(Nephelometric turbidity units). A standard reference 
turbidity tube of 79 NTU was used at each time of oper- 
ation as an additional measure of turbidity. 
All nutrients were determined using Hach reagents 
according to Hach protocols and standard methods 
(APHA 1989). Phosphorus analysis embodied two gen- 
eral procedural steps, conversion of phosphorus to or- 
thophosphate using acid hydrolysis (acid persulfate oxi- 
dation technique) and determination f orthophosphate 
(ascorbic acid method). Total nitrogen was determined 
using a persulfate digestion method, nitrate using a cad- 
mium reduction method, nitrite using diazotization 
method and ammonia using Nessler method (APHA 
1989). The calibration of all methods was determined 
with known standard solutions. 
Data analysis 
The coefficient of variation (CV) was used to explore 
variability between sites in measured parameters. In ad- 
dition to this, one-way ANOVA was used to test for sig- 
nificant differences between sites. 
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Results 
Among the measured parameters variation between sites 
across lakes was low and the coefficient of variation 
(CV) ranged from 0.05-0.2 for almost all the sampling 
events. Maximum variation occurred for a single sam- 
pling event in March 2000 when CV was 0.6 for total re- 
active phosphorus, this was due to a single large value at 
one of the sites in Lake Colac. One-way ANOVA was not 
able to detect significant differences between the sites for 
any of the parameters (P ranged from 0.115-0.99). The 
low variability validates the use of four samples taken 
from each lake and results were averaged across all the 
sites. Subsequent results and discussions are based on 
data averaged over sites for each sampling event. 
Physico-chemical parameters 
Lake Colac and Tooliorook had the minimum salinity, 
Modewarre had the maximum and Bolac was intermediate. 
Fluctuations in salinity were greatest in Lake Bolac and 
least in Lake Colac. Salinity showed weak seasonal fluctua- 
tions, with values ranging from a minimum of 2 _+ 0.01 ppt 
in Lake Colac to a maximum of 8 + 0.06 ppt in Lake Mode- 
warre (Fig. 2). Salinity was generally high in summer 
(November-March) and low during winter (May-Septem- 
ber). Dissolved oxygen (DO) concentration in the lakes 
ranged from a minimum of 7.8 _+ 0.2 to maximum of 10.1 + 
0.05 mg 1 -I. DO showed little seasonal variation (Fig. 2). 
Water temperature varied considerably between winter and 
summer months, with values ranging from a minimum of 
7.4 _+ 0.1 °C to a maximum of 23 + 0.1 °C (Fig. 2). The pat- 
tern of changing mean monthly water temperature of the 
lakes closely followed the air temperature, and therefore 
showed marked seasonal differences. 
The average concentration f suspended solids (SS) 
in the lakes ranged from a minimum of 23 + 4 mg 1-1 in 
Lake Tooliorook to a maximum 465 + 28 mg 1-1 in Lake 
Colac. This maximum value (465 mg 1 -l) was an excep- 
tion, being recorded once in Lake Colac following a 
storm in November 2000. On all other sampling events 
values of suspended solids for Lake Colac were <200 
mg 1 -~. The concentration f suspended solids was high 
in Lake Colac and Bolac and low in Lake Tooliorook 
and Modewarre (Fig. 3). Exceptions aside, the concen- 
tration of suspended solids appeared to trend slightly 
higher in summer in the lakes compared to winter. 
The average Secchi depth values for the study lakes 
ranged from a minimum of 7.7 + 0.2 cm for Lake Colac 
to a maximum of 89 + 3.7 cm in Lake Tooliorook (Fig. 
4). The values for Secchi depth were often low with a 
higher coefficient of variation in Lake Colac and Bolac 
and higher with a lower coefficient of variation in Lake 
Tooliorook and Modewarre. 
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Fig. 2. Average (+SE) salinity (ppt), water tempera- 
ture (°C) and DO (mg N) in the four study lakes record- 
ed between November 1999-September 2001. 
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Fig. 4. Average values of Secchi 
depth (cm _+ SE) in the four study 
lakes recorded between November 
1999-September 2001. 
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study lakes recorded between November 
1999-September 2001. 
Table 2. Average concentration of total phosphorus (TP) and total reactive phosphorus (TRP) in mg 1-1 in the four 
tween November 1999-September 2001. 
study lakes recorded be- 
Month Colac Modewarre Bolac Tooliorook 
TP TRP TP TRP TP TRP TP TRP 
Nov 2.9 2.1 0.13 0.07 0,19 0.04 0.37 0.27 
Jan 3.5 2.9 0.18 0.12 0.19 0.05 0.20 0.03 
Mar 2,3 1.8 0.28 0.06 0,32 0.01 0.34 0.15 
May 2.4 1,8 0.28 0.07 O, 21 0.05 O. 19 0.02 
Jul 2.2 1.9 0.39 0.14 0,35 0.05 0.15 0.03 
Sep 2.1 0.9 0.25 0.04 0,26 0.06 0.24 0.05 
Nov 4,8 3.7 0.13 0.03 0,31 0.09 0.21 0.12 
Jan 3.4 2.9 0.25 0.04 0,15 0.05 0.32 0.15 
Mar 2.3 2.0 0.36 0.03 0,24 0.03 0.24 0.07 
May 2.6 1.8 0.55 0.30 0.28 0.04 0.41 0.10 
Jul 2.3 1.9 0.59 0.91 0.32 0.05 0.13 0.08 
Sep 2.6 2.3 0.66 0.30 0.57 0.37 0.52 0.12 
Mean 2.8 2.2 0.34 0.18 0.28 0.08 0.28 0.10 
Table 3. Average concentration of total nitrogen (TN), nitrate-nitrogen (NO3-N), nitrite-nitrogen (NQ-N) and ammonia-nitrogen (NH3-N) in 
mg I -~ in the four study lakes recorded between November 1999-September 2001. 
Month Colac Modewarre Bolac Tooliorook 
TN NO3-N NQ-N NH3-N TN NO3-N NQ-N NH3-N TN NO3-N NQ-N NH3-N TN NO3-N NQ-N NH3-N 
Nov 4.7 1,2 0,03 1,59 4.5 0.6 0.01 0.09 2.7 0.7 0.02 1.57 4.0 0.6 0.12 1.11 
Jan 5.0 1.1 0,03 2.10 4.7 1.0 0.01 0.72 2.7 1.5 0.01 1.46 2.2 0.7 0.06 0.64 
Mar 5.2 1.0 0,07 1.05 6.0 0.4 0.04 1.05 4.7 1.5 0.01 2.02 4.0 1.1 0.18 0.85 
May 4,7 0.8 0,03 2.23 4.7 0.5 0.09 0.92 3.0 0.7 0.02 1.23 2.2 0.2 0.02 0.48 
Jul 4.5 0.7 0,04 1.01 5.0 0.6 0.04 0.66 4.0 0.8 0.02 1.35 4.0 0.1 0.02 0.30 
Sep 3.7 1.1 0.02 1.28 5.7 0.3 0.03 0.47 2.0 0.6 0.02 1.18 1.0 0.3 0.01 0.29 
Nov 7.7 0.6 0.02 6.41 5.2 0.6 0.01 0.11 3.0 0.8 0.04 1.10 2.0 0.2 0.03 0.29 
Jan 5.2 0.4 0,05 1.10 5.2 0.8 0.01 0.49 3.5 1.3 0.01 1.42 2.7 0.1 0.03 0.26 
Mar 4.0 0.8 0.04 1.49 5.2 0.9 0.65 0.77 3.2 1.4 0.05 1,66 2.2 0.2 0.03 0.29 
May 5.2 0.9 0.04 2.45 5.7 0.7 0.12 0.61 3.0 0.9 0.02 1.36 2.2 0.2 0.04 0.59 
Jul 5.0 0.8 0.04 0.94 4.7 0.5 0.05 0.46 4.0 0.09 0.02 1.30 3.5 0.1 0.03 0.27 
Sep 3.5 0.5 0.02 1.04 3.7 0.5 0.04 0.47 2.5 1.4 0.03 1.45 2.0 0.3 0.02 0.55 
Mean 4.9 0.86 0.04 1.89 5,1 0.64 0.09 0.57 3.2 1.0 0.02 1.42 2.7 0.35 0.05 0.49 
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Turbidity was highest in Lake Colac and Bolac (range 
~30-200 and 60-150 NTU, respectively). In contrast, 
turbidity was low in Lake Tooliorook and Modewarre, 
ranging from 11-44 NTU. Turbidity values were highly 
variable, with no marked seasonal differences (Fig. 5). 
The pH of the lakes was always above 8.2 and a max- 
imum of 9.3 +_ 0.2 was recorded in Lake Tooliorook. No 
seasonal trends were observed with low variation be- 
tween sites, seasons and lakes (Fig. 6). 
Average concentrations of total phosphorus (TP) and 
total reactive phosphorus (TRP) were high in Lake 
Colac compared to the other three lakes (Table 2). Ex- 
ceptional high values of 4.8 + 0.2 mg 1-1 and 3.7 + 0.3 mg 
1-1 for TP and TRP respectively were recorded following 
the November 2000 storm event in Lake Colac. 
Lake Colac and Modewarre had high concentrations 
of total nitrogen (TN) and Lake Tooliorook had the least 
concentration f TN (Table 3). An exceptional value of 
7.7 +_ 0.5 mg 1-1 was recorded following the November 
2000 storm event in Lake Colac. Average concentra- 
tions of nitrate (NO3-N), nitrite (NO2-N) and ammonia 
(NH3-N) varied four fold across the lakes with Lake 
Colac and Bolac higher in NO3-N and NH3-N but lower 
in NO2-N than Lake Tooliorook and Modewarre (Table 
3). Seasonal trends in the concentration f any of the nu- 
trients were not detected with variability low between 
seasons. 
Nitrogen - phosphorus ratio 
The mean ratios of N : P in Lake Modewarre (20), Bolac 
(13) and Tooliorook (12) were higher than the optimal 
value of seven (optimal value according to ANZEC 
2000 for algal bloom management) and varied consider- 
ably during the study period. In contrast, he N : P ratio 
Table 4. Average ratio ofTN :TP in the four study lakes recorded be- 
tween November 1999-September 2001. 
Month Colac Modewarre Bolac Tooliorook 
Nov 2 35 14 11 
Jan 1 26 14 11 
Mar 2 22 15 12 
May 2 17 14 12 
Jul 2 I3 12 27 
Sep 2 23 8 4 
Nov 2 41 10 10 
Jan 2 21 24 9 
Mar 2 15 13 9 
May 2 10 11 6 
Jul 2 8 12 26 
Sep 1 6 4 4 
Mean 2 20 13 12 
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was well below optimal and varied little through the 
sampling period in Lake Colac (Table 4). Average ratio 
for Lake Colac was two over the study period suggesting 
strong limitation of nitrogen. There was wide variation 
in N : P ratios in Lake Modewarre, Bolac and Tooliorook 
(at least a six fold difference between minimum and 
maximum values). However, on all but three occasions 
in Lake Tooliorook and one occasion in Lake Bolac and 
Modewarre N : P ratio was greater than seven. There 
were no conclusive seasonal trends observed in N : P ra- 
tios, though low values were more common in spring 
(September and November) than any other season in 
Lake Modewarre, Bolac and Tooliorook. 
Discussion 
Salinity of the lakes recorded in the present study was 
generally higher than the historical values for the study 
lakes (Table 5). This increase in the salinity of the study 
lakes is attributed to a decline in water level in these 
lakes resulting from drought like conditions of low rain- 
fall and high temperatures compared to long-term values 
(KHAN 2003a). Salinity was generally highest between 
January and March and lowest between September and 
November over the study years. This trend of an in- 
crease in salinity between January and March was a re- 
sult of increased evaporation and low rainfall reducing 
the water volume in each lake and increasing the con- 
centration of dissolved salts. Large areas of the lake beds 
were dry and there were no or low flows from creeks 
meaning that dilution by freshwater did not occur. The 
high rainfall and low evaporation between September 
and November were likely to be responsible for the sub- 
sequent decrease inthe salinity of the lakes. 
Until recently itwas believed that land use change was 
a factor in declining water levels in these lakes. In con- 
trast, JONES et al. (2001) suggest climatic hange is a pri- 
mary factor. Modern rainfall on the lakes is only about 
80% of lake evaporation and to maintain the pre-Euro- 
pean lake levels, rainfall would have to be approximately 
95% of lake evaporation. Thus the evidence of low rain- 
fall and high evaporation rates resulting from increase in 
temperature are plausible for the decline in water level 
and a subsequent increase in salinity of the study lakes 
(Fig. 7). This increased salinity could have serious conse- 
quences on biota. Studies have shown that there is a 
strong negative relationship between salinity and species 
richness (BAYLY & WILLIAMS 1966; WILLIAMS 1992). 
The weak pattern of seasonal fluctuation i salinity in 
the present study lakes is consistent with studies of simi- 
lar lakes (DE DECI~KE~ & WmLIAMS 1988) but contrasts 
strongly with that of temporary and highly saline lakes 
in the region. In these, salinities often fluctuated annual- 
ly from 50-350 ppt and show well-defined seasonal pat- 
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terns (WILLIAMS & BUCKNEY 1976; WILLIAMS 1981). DZ 
DECKKER & WILLIAMS (1988) in their study on eleven 
lakes in western Victoria concluded that seven of the 
eleven lakes, they studied fell within 10-60 ppt with re- 
spect o mean salinity whereas the other four had a salin- 
ity of <10 ppt. All the lakes under the present study fell 
within the category of <10 ppt. 
DO concentration i the study lakes generally was 
close to saturation (e.g. 10.1 _+ 0.05 mg 1-1 in Lake 
Colac, September 2001). The minimum recorded con- 
centration was 7.8 _+ 0.2 mg 1-1 in Lake Tooliorook in 
July 2000. This lowest oxygen level in Lake Tooliorook 
may be explained by decaying algal cells or because of 
the decay of macrophyte beds with age and changing 
Table 5. A comparison of mean values of major physico-chemical parameters recorded from the four study lakes (1999-2001) and those pre- 
viously recorded from western Victorian lakes. Salinity in ppt, Secchi depth in cm, and nutrient concentration in mg I -]. TP = total phosphorus, 
TRP -- total reactive phosphorus, TN = total nitrogen, NQ-N = nitrate and NH3-N = ammonia. 
Author Lake Salinity pH Secchi TP TRP TN NO3-N NH3-N 
Present study 
MADDOCKS (1967) 
SMITH (1972) Colac 
EPA (1976) Colac 
HAMMER (1981) Colac 
DE DECKKER & WILLIAMS (1988) 
Colac 2.8 8.8 18.3 2.80 2.20 4.9 0.86 1.89 
Modewarre 7.3 8.8 55.9 0.34 0.18 5.1 0.64 0.57 
Bolac 4.0 8.6 25.4 0.28 0.08 3.2 1.0 1.42 
Tooliorook 3.3 8.9 54.0 0.28 0.10 2.7 0.35 0.49 
Colac 1.9 8 - - 1.5 - 0.9 - 
Bolac 1.2 8.7 - - 0.5 - 0.02 - 
Tooliorook 1.6 8.8 - - 0.7 - - - 
Modewarre 3.5 8.7 . . . .  0.1 - 
3 8.2 40 - 2.52 - 2.15 - 
2.5 7.8 40 1.04 0.40 - 1.1 0.055 
3.4 8.9 22 - 6.7 
Purrumbete 0.3 8.0 75 0.09 0.07 0.48 0.15 0.005 
Martin 4.6 7.9 14 0.13 0.02 1.21 0.04 0.005 
Bullen Merri 8.0 8.9 59 0.03 0.01 0.67 0.05 0.008 
Kariah 9.5 9.0 11 0.38 0.21 2.18 0.06 0.014 
Colongulac 10.6 8.7 36 4.90 4.45 2.21 0.19 0.039 
Gnarpurt 10.7 8.0 25 0.18 0,04 2.20 0.08 0.053 
Koreetn ung 11.7 8.9 18 0.25 0,07 2.42 0.04 0.024 
Weeranganuk 14.8 8.6 9 0.29 0.13 1.74 0.05 0.025 
Bookar 14.9 8.8 53 0.31 0.14 3.73 0.10 0.011 
Corangamite 31.4 8.5 70 0.13 0.02 4.87 0.23 0.030 
Gnotuk 55.2 8.3 100 0.40 0.22 2.45 0.10 0.022 
WILLIAMS (1992) Colac 1.7 8.8 
157-  
156-  
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: Year 
Fig, 7. Decline in water level in LakeTooliorook 
during recent years. Data from THIESS Environ- 
mental Services, unpublished data sourced 
(September 2001). 
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season, which used up the available DO in the water 
column, thus could cause oxygen depletion. Strong neg- 
ative correlation between salinity and the absolute con- 
centration of DO have been reported with a minimum 
DO of 1.4 mg 1-1 recorded when salinity was 208 ppt 
(GEDDES 1976). However, neither salinity nor tempera- 
ture seemed to influence DO levels in any of the lakes, 
as there were no strong seasonal variations in DO 
levels. 
Water temperature in the study lakes closely followed 
air temperature, with maximum in summer and mini- 
mum in winter. HAMMER (1981) showed aclose relation- 
ship between air and water temperature in the lakes of 
western Victoria. The lakes are shallow and absorption 
of heat via solar radiation is likely to have a strong influ- 
ence on these lakes. 
The shallow lakes of western Victoria are often sub- 
jected to high turbidity and low Secchi depth (WALKER 
1973; HAMMER 1981; DE DECKI~ER & WILLIAMS 1988). 
The Secchi depth of the lakes studied is low, but similar 
to previous tudies on the study lakes and other lakes in 
the region (Table 5). The Secchi depth in the study lakes 
remained low over the study period due to the high pro- 
portion of resuspended sediments in the water produced 
by wind-generated turbulence. During the November 
2000 storm event Secchi depth was reduced istinctly 
(7.7 cm in Lake Colac), and at the similar time turbidity 
(659 NTU) and suspended solids (465 mg 1-1) were high. 
Conversely during periods of sunny, still weather (July 
2000, Lake Colac) the Secchi depth increased (25 cm), 
suggesting that wind turbulence is playing a major role 
in determining the Secchi depth in Lake Colac. Phyto- 
plankton biomass can also contribute to low Secchi 
depth through light absorption and scattering and phyto- 
plankton peaks in summer and autumn may explain 
some of the variations in Secchi depth not explained by 
suspended solids or turbidity. For example, in Lake Too- 
liorook a sharp decrease in suspended solids between 
March and May (both 2000 and 2001) was not matched 
by an increase in Secchi depth, but did coincide with 
phytoplankton peaks (KHAN 2003b). 
Of the lakes studied by Dz DECK~ZER & WILLIAMS 
(1988), only one had a mean Secchi depth of 100 cm and 
eight out of eleven had a Secchi depth of < 60 cm (Table 
5). Secchi depths have been reported to vary consider- 
ably and are high in the deeper lakes, and often very low 
in shallow lakes (TIMMS 1976; WILLIAMS 1981). These 
conditions of high turbidity and low light penetration are 
common in many southern hemisphere waters (DAVIES 
& WALMSLEY 1985) and have a major influence on the 
ecology of the lakes, limiting algal diversity and promot- 
ing the occurrence of large species of zooplankton (GED- 
DES 1984). The overall ight climate in Lake Tooliorook 
and Modewarre was good. In contrast, Lake Colac and 
Bolac had very low light penetration. 
In the lakes studied, pH varied little more than one 
unit over the study period, indicating well-buffered con- 
ditions. The high pH values recorded in these lakes sug- 
gest hat photosynthetic a tivity is an important pH con- 
trolling factor. WILLIAMS (1981) showed that most of the 
saline lakes in western Victoria have a pH value of >8. 
DE DECKI~R & WILLIAMS (1988) could not find any sea- 
sonal trend in the pH values nor any correlations with 
salinity. All lakes in their study had a pH value >8, ex- 
cept Lake Martin, which had a pH of 7.9. Similarly, all 
other studies on lakes of western Victoria have recorded 
a pH value close to or above 8 (Table 5). 
The concentration ofTP and TRP in the present study 
lakes was high. Of the four lakes, Lake Colac had ex- 
tremely high concentration fTP, which undoubtedly re- 
flected the discharge of sewage ffluent on its southern 
shore. Of the eleven lakes studied by DE DECKKER & 
WmLIAMS (1988) ten had low TP levels when compared 
to the eleventh lake (Lake Colongulac 4.9 mg 1-1, Table 
5) with the later levels due to input from a sewage treat- 
ment plant. Of the present study lakes, three (Lake 
Bolac, Tooliorook and Modewarre) had TP levels simi- 
lar to the ten lakes of the DE DECIPHER & WILLIAMS 
(1988) study. Lake Colac had a higher level of TP and, 
similar to Lake Colongulac, which had treated sewage 
inputs. TRP concentration i  the lakes studied was simi- 
lar to those of the lakes studied by DE DECKKER & 
WILLIAMS (1988) (Table 5). 
The concentration of TN in the lakes studied was 
greater than in the lakes in western Victoria studied by 
DE DEC~Z~ZER & WmLIAMS (1988) (Table 5). The maxi- 
mum concentration ofTN recorded by DE DECKKER ~: 
WILLIAMS (1988) was 7.4 mg 1-1 for Lake Corangamite 
with a mean value of 4.87 mg 1 -~. This is similar to that 
recorded for Lake Colac during a November 2000 storm 
event (7.7 mg 1-1) and coincided with a high concentra- 
tion of suspended solids. This suggests that high TN 
concentration was a result of resuspension of sediments 
and subsequent utrient release in the water column. 
Creeks flowing into the lakes were dry for most part of 
the year, thus the nutrient status of the lakes suggests 
that significant recycling of nutrients is occurring within 
the lakes. This recycling may arise from biological pro- 
cesses or meteorological events releasing nutrients from 
the sediments. 
The mean value of NO3-N in the lakes studied was 
higher than the values recorded by DE DECKKER & 
WILLIAMS (1988) but lower than two other reports for 
Lake Colac (Table 5). The high levels of NO3-N and 
NO2-N in these lakes indicate that groundwater may be 
contributing nitrogen to these lakes. Groundwater in the 
region has high NO3-N content (53-150 mg 1-1, THOMP- 
S ON 1971 ). THOMPSON (1971) suggested that this is prob- 
ably the result of land use practices around the lake. The 
land surrounding the lakes is agricultural and fertiliser 
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application is common, and because of the geology, 
these nutrients could be easily introduced into the 
groundwater (THOMPSON 1971). 
DE DEeKKER & WILLIAMS (1988) found that in six of 
the eleven western Victorian lakes studied, nitrogen was 
the limiting nutrient. Four lakes were found to be nitro- 
gen and/or phosphorus limited and one, Lake 
Corangamite, limited by phosphorus. Although the rea- 
sons for limitation by different nutrients across the lakes 
are generally not known, Lake Colongulac was thought 
to be nitrogen limited because it received excess concen- 
tration of phosphorus from treated sewage. The present 
study also showed that nitrogen was a limiting nutrient 
in Lake Colac, which also receives phosphorus rich 
treated sewage. The other three lakes (Modewarre, 
Bolac and Tooliorook) appear to be phosphorus limited. 
This suggests that these three lakes are somehow excep- 
tional when compared to western Victorian lakes studied 
by DE DECKER & WILLIAMS (1988), in which only one 
lake was phosphorus limited. There were no obvious 
reasons for this observation and further investigation of 
limiting nutrients in these lakes could benefit algal 
bloom management. 
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